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Abstract
Utilising the SIS-18 synchrotron at GSI, the fragmentation of was carried out on a 4 g/cm^ 
^Be target at 670 MeV per nucleon. The aim was to investigate long-lived high-spin isomers while 
also testing the feasibiUty of using an experimental storage ring for this purpose. The neutron-rich 
fragments created, were separated by the FRS then stored and cooled in the ESR where their masses 
were measured. Through this technique the masses of seven ground and four isomeric states have 
been measured with an average uncertainty of 51 keV. Of these masses, one (^^"^Er) is experimentally 
measured for the first time and three ( and ^^^Os) have their uncertainties reduced 
by 100-450keV . The newly measured mass of ^^ "^ Er is used to extend the S2n line and calculate 
8Vpn values in the surrounding region, with evidence for a subshell closure at N ~  108 discussed 
in relation to these two values. The ground and isomeric state masses of ^^^Re represent not only 
the first direct measurement of the isomeric energy, but also highlights the self-consistent nature 
through which excitation energies can be found using this analysis technique. Multi-quasiparticle 
calculation have been carried out and are compared with the published level scheme in light of the new 
measurement. The mass of ^^^Os is directly measured for the first time, decreasing the uncertainty 
to which the mass is known by an order of magnitude. The accuracy of various microscopic and 
macroscopic mass models are discussed in relation to this value, as are the ground-state masses of 
the other isotopes measured. Finally, initial findings on found using the same experimental
technique as described in this thesis, are presented and the reasons for the differing degrees of success 
discussed.
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Chapter 1
Introduction
Even before the discovery of the neutron in 1932 [1], it was known that the mass of a nucleus is 
less than the sum of it constituent parts. Frederick Aston [2] initially discovered this ‘mass defect’ 
when measuring the masses of nuclei in the 1920s. He found that helium had an atomic weight of 
4.000 (on a scale with oxygen having an exact weight of 16) whereas hydrogen, at which time was 
thought to combine with three other hydrogens and two electrons to make helium, had weight 1.008. 
He attributed this defect to the unique feature of the hydrogen atom “not containing any negative 
electricity in its nucleus”, but it was Eddington [3,4], using Aston’s measurements, who suggested the 
concept of binding energy in the helium nucleus, and thus calculated that the conversion of hydrogen 
into helium was in fact an adequate source of stellar energy, solving a long standing mystery. It 
is unhkely that either realised what a profound discovery they had made, for it is in the binding 
energy that so much information on the nature of a nucleus is contained. From the binding energy 
one can determine the decay properties of the atomic nucleus, the structure of the nucleus itself and 
the deceptively important value of mass because it is through the nuclear mass that one can deduce 
metastable energy states and nucleon separation energies, thus probing the limits of stability.
It was Einstein who first related mass and energy, through his famous formula [5] in 1905, and 
today we can exploit this relationship to find the energy of excited, metastable states of nuclei via high 
accuracy mass measurement. Metastable states that live longer than ~  10“  ^s are termed isomers and 
at least one is known to exist in a large number of nuclei, thus creating their own branch of nuclear 
physics. Knowledge of isomeric states not only provides structural knowledge of the nucleus, but can 
also aid in calculating isotopic abundances in the remnants of supemovae and thus the universe in 
general [6]. This specifically applies to the rapid neutron capture process, commonly referred to as 
the r-process, the mechanism by which all nuclei with more protons than bismuth are created. The 
massive excess of neutrons that exists in initial stage of a stellar explosion, creates the perfect envi­
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ronment for the creation of ‘new’ nuclei. Those created however are very unstable and decay towards 
stability with half-lives of a few seconds. Long lived isomers can therefore provide unexpected wait­
ing points for a nucleus decaying back to stability which could affect the final distributions of stable 
nuclei.
As will be discussed in Chapter 3, the use of an Experimental Storage Ring (ESR) operated in the 
Sehottky mode, allows the measurement of nuclei that exist >  10 s, whether in the ground or excited 
state. The ESR therefore provides the perfect opportunity for the measurement of both the energy 
and half-life of long lived isomers, particularly those which participate in the aftermath of the initial, 
explosive stage of the r-process. Figure 1.1 shows the neutron rich, 150 ^  A ^  220, region of the 
nuclear chart, which is to be studied in the current work. Highlighted are nuclei containing isomers 
with half-lives longer than 10 s, and although the measurement of nuclei created during the r-process 
will not be an experimental reality for a number of years, the predicted path is included for reference.
126
I  Stable isotope 
I I No known isomer 
f~l Measured isomer
i i g n n i i g
Ir Ir
Figure 1.1: The neutron-rich area of the nuclear chait with 66 ^  Z ^  83, showing experimentally mea­
sured isomers with half-lives greater than 10 s. Data are taken from the atomic mass evaluation 2003 [7].
Past experiments using the ESR have unequivocally shown [8] that when tuned to carry out Schot- 
tky Mass Spectroscopy (SMS) mass accuracies ~10keV  can be achieved. This has not only increased 
the precision to which many experimentally measured masses are known, but also allowed the unam­
biguous identification and measurement of previously unobserved nuclei. Prior to the undertaking 
of this work, no previously unobserved isomeric states had been found via this method. Any iso­
meric information quoted was the re-measuring of previously discovered states. The first isomer to 
be ‘newly‘ discovered was a T =  193]^gg‘^ s, E* =  103(12) keV level in ^^^Ce [9], found using the 
same experimental technique as in this thesis. The experiment carried out, therefore becomes a test 
of the potential of the ESR to discover ‘new’ isomers, with the A ~  190 region chosen due to the 
relatively long half-lives of both the ground states and predicted isomers [10]. With comparable half-
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lives, measuring the ground and isomeric states simultaneously becomes a possibility, and although 
not negating the need for careful calibration, simultaneous measurement of both states provides a 
self-consistent means by which the energy of an isomer can be aecurately determined, even without 
the observation of decay events.
In a similar vein that the 7-ray caseade does not need to be observed to extraet the energy of an 
isomer, so also the full decay of the isomer or ground state need not be observed to caleulate the half- 
life. Furthermore, there is no half-life upper limit that constrains the nuclear masses (or energies) that 
can be measured within the ESR. It is this time range, open to the experimental technique, together 
with the unique feature that both isomeric and ground states can be simultaneously measured, which 
motivates the work carried out in this thesis. Can the ESR, operated in the SMS mode be used to look 
for long-lived isomers in the neutron rieh 170 <  210 region, measuring isomeric and ground state
masses, thus inferring excitation energy, while also measuring the isomeric half-life?
Chapter 2
Nuclear structure and theory
2.1 Nuclear models
The aim of any nuelear model is to prediet as mueh as possible concerning the nueleus and the prop­
erties associated with it. It seeks to deseribe how the internal strueture arises and evolves with the 
seemingly trivial process of either adding or subtracting a single nucleon, or supplying the nucleus 
as a whole with energy. A model can take two different approaehes in its efforts to describe the nu­
cleus, macroscopic or microscopic. It can treat the entire nueleus as a single objeet and use eollective 
behaviour to deseribe the observed properties, as is the case for the macroscopic Liquid Drop Model 
(LDM) [11-13], or like the microseopic shell model [14,15], it can attempt to account for the individ­
ual behaviour of eaeh constituent proton and neutron, using their individual interactions to calculate 
overall properties. The following sections contain an overview of models relevant to the work and 
results presented.
2.1.1 The liquid drop model
Initial models assumed the nucleus was similar to a drop of liquid, the analogy being bom out of 
the fact that the nucleus was believed to have a well defined surface and only short range forces: an 
attractive force holding it together and a repulsive force preventing it collapsing in on itself. Fail­
ings in the LDM however were uncovered with the experimental resolution of shell strueture [14], a 
microscopie factor unpredicted by the model. Although unsuccessful in deseribing microscopic prop­
erties such as shells, the LDM reproduees the macroseopic properties of mass and through the Semi 
Empirical Mass Formula (SEMF) binding energy. Applying the LDM, Weizsacker [17] postulated
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2.J Nuclear models
that a nucleus with A  nucleons, comprising Z protons and A — Z neutrons, will have binding energy
=  , (2.1)
with ÜV the volume parameter, as the surface parameter, ac the Coulomb parameter and asym the 
asymmetry parameter, all being empirically determined constants. Using this binding energy, the 
LDM prediets a nuelear mass
L^DM (A^^) — +  (A — Z)m „ ^^2  ^’ (^-^)
where and are the proton and neutron masses respectively. Of the 3179 nuclei listed in the 
Atomic Mass Evaluation 2003 (AME2003) [7] ~250 have large uncertainties (>100keV ) on their 
measured ground state mass, and 951 were experimentally unmeasured. Figure 2.1 is a pictorial 
display of the AME2003, with the expanded section showing the same nuelei as presented in Fig. 1.1, 
highhghting the lack of experimental mass knowledge in the area to be studied.
To ereate a more realistic model, microscopic shell and pairing corrections are added to the macro- 
seopie LDM creating the Finite Range Liquid Droplet Model (FRLDM) [16,18]. Although not solely 
coneemed with the microscopic corrections to the LDM, Secs. 2.1.2 and 2.1.4 discuss the principles 
involved and other methods of attempting to solve the nuclear model problem.
2.1.2 The spherical shell model 
The independent particle model
The basis of the independent particle model is that the Z  protons and N  neutrons of the nueleus fill 
the energy levels, sometimes referred to as shells, starting from the lowest unoccupied. Once full a 
shell will typieally play no part in the excitation of the nucleus, with excited nuclear properties being 
due to valenee nucleons (those in partially filled shells). The model is built upon a Simple Harmonic 
Oscillator (SHO) potential, altered to a more reahstie nuclear shape and extended to inelude the 
residual interaetion of the nucleons and their angular momentum.
The standard SHO potential repfieates the magie numbers up to {N,Z) =  20, as can be seen from 
the left column of Fig. 2.2, producing energy eigenvalues of the form {N + ^)h(0, where N  repre­
sents the oscillator’s quantum number and £0 its frequeney. The two major failings are the fact that 
y  (r) —> CX3 for large r, which would mean that nucleons are infinitely bound, and secondly, each level 
is actually a degenerate multiplet, unresolved using the oscillator’s quantum number. Adopting a 
prineipal quantum number n and orbital angular momentum I, each level will contain 2n + i  states.
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Figure 2.2: The single particle levels of the shell model (not to scale). Left: Level splitting due to a SHO 
potential. Centre: Further degeneracy lifting due to a realistic Woods-Saxon potential. Right: The magic 
numbers are fully reproduced with the inclusion of the spin-orbit interaction, together with the realistic 
Woods-Saxon potential.
We therefore require a V (r) with a similar shape to the SHO at small r  but, assuming a nuclear radius 
~  10 fm, vanishing for r >  10 fm with a rapid fall off at the surface and of a form that can differen­
tiate between states with different values of n and i. The Woods-Saxon potential [19], graphically 
represented in Fig. 2.3, satisfies all of these criteria and has the form
y (r ) =  - Vb
1 + exp r - R
(2.3)
where r is the distance from the centre of the potential, « is a measure of how rapidly the potential 
falls to zero (~  0.5 fm) and R{=  1.2A*/^) fm is the radius at which V{r) =  —Vq/2  with Vb being the
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depth of the potential 50 MeV). The result is to lift the degeneracy, ‘pushing down’ in energy those 
orbits with larger £, as can be seen from the central column of Fig. 2.2.
4a In 3
V{r)
Figure 2.3: A cross-section of the Woods-Saxon potential. The length 4aIn 3, sometimes known as the 
skin depth, represents the distance over which the strength of the potential decreases from 0.9Fb to O.lVb.
The Woods-Saxon potential still fails to reproduce all of the magic numbers. To do so one must 
introduce a spin-orbit term as independently postulated by Haxel et al. [20] and Mayer [21]. In this 
term, the intrinsic spin s of the nucleon and the interaction with its own orbital angular momentum 
is taken into account. The intrinsic spin and orbital angular momentum can be aligned parallel or 
anti-parallel, with the correction to the potential given by
(2.4)
where %  is a strength constant; £ and s are the previously mentioned orbital angular momentum 
and intrinsic spin of the nucleon which couple to give the total angular momentum £ + s) and 
V (?) is a realistic nuclear potential. The splitting of the remaining degeneracy again pushes states 
with larger angular momentum down in energy, reproducing all of the magic numbers. This can be 
seen in the right hand column of Fig. 2.2. The spin-orbit term also introduces the concept of intruder 
orbitals. An intruder orbital is an energy level that would have been associated with one degenerate 
harmonic oscillator quantum number, N, but has been lowered in energy enough to appear as if it 
has come from the degenerate harmonic oscillator quantum number below, N  Using Fig. 2.2 to 
illustrate this point, the light blue level of l i i3/2 would appear to be from the degenerate N  = 5 SHO 
level. Tracing it back however shows that it is in fact a level belonging to V =  6 with the largest total 
angular momentum. Intruder orbitals play an important role in the ‘creation’ of isomers as there is a 
large difference between the angular momentum of the intruder state and those surrounding it, it also
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. >
has a different parity. This decreases the transition probability and increases the half-life, creating the 
isomer (see Sec. 2.2.4).
Although accurate at and around closed shells, i.e. spherical nuclei, as deformation increases due 
to nucleons added away from the shell closures, the independent particle model struggles with certain 
aspects of structure that arise, e.g. high spin states. Errors in model predictions occur as nucleons 
can be excited out of a closed shell and interact with the valence nucleons leading to more collective 
structures and modes of excitation. As a result, macroscopic models, as discussed in Sec. 2.1.1, are 
used to describe the overall behaviour in these regions. However, perturbations to the independent 
particle model through other interactions such as the pairing interaction are also needed to describe 
nuclear structure away from shell closures.
2.1.3 Nuclear deformation
Moving away from closed shells, the nuclear shape changes from spherical to spheroidal and the 
radial vector can be parametrised by an expansion of spherical harmonics. For a nuclei undergoing a 
quadrupole deformation, the radius vector is given by
R =  % ( l +  D  (2.5)
where Rq is the average radius, the spherical harmonics and «2ju the appropriate expansion
coefficients. The coefficients a 2±i represent the motion of the centre of mass so are set to zero as they 
do not concern the nuclear shape. The symmetric nature of the quadrupole deformation also means 
we can apply the simplification «22 =  % - 2- Convention dictates that we write «20 and «22 in terms 
of two new variables P2 and 7 , related via the following expressions
CC20 =  P2COSy  
P is in y
CC22 =
For axially symmetry (7 = 0°) the value of ^  quantifies the quadrupole deformation with p 2 > ^  cor­
responding to prolate shape and (52 < 0  oblate. Both of these shapes are axially symmetric, however 
axially asymmetric nuclear shapes are known to exist. In the above convention, with J82 >  0, the de­
gree of asymmetry is given by the term 7, with a prolate nucleus having y = 0 °  and an oblate 7 =  60°. 
Intermediate values suggest no clear axially symmetry, with nuclei displaying a value 7  =  30° often 
termed triaxial.
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2.1.4 The Nilsson model
The Nilsson model concerns the single-particle energy levels of a deformed nucleus and is based 
on an anisotropic SHO potential. The addition of an ^ ^ term to the single-particle Hamiltonian 
approximates the flat bottomed potential in analogy with the use of the Woods-Saxon potential in the 
independent particle model. The deformed nucleus is usually assumed to be axially symmetric, with 
cOx = (Oy, and can be described through the deformation parameter P2 , which is related to the ratio of 
the major to minor axis. The total one-particle Hamiltonian for a nucleus described by the Nilsson 
model is given by [23]
H =  + + c l e + D Ï - l  (2.6)
where m is the mass of the nucleon, I  • s the previously discussed spin-orbit coupling which lifts 
degeneracy in the spherical Hmit, and C and D  are experimentally determined constants. Figures 2.4 
shows how the energy levels for neutrons and protons change with deformation in the region relevant 
to this work. Each level is labelled with its own unique set of asymptotic quantum numbers in the form 
[Nn^A], where Q. is the projection of the single particle total angular momentum on the symmetry 
axis, n  its parity, N  the principal quantum number, the number of nodes in the wavefunction along 
the symmetry axis and A the single particle projection of the orbital angular momentum onto the 
symmetry axis. Through the relation (1 =  A-|-Z(= ± | )  one can infer whether the intrinsic spin of the 
nucleon is parallel or anti-parallel to the orbital angular momentum. Figure 2.5 provides a pictorial 
representation of the various quantum numbers described. The number K  is the sum of single-particle 
projections and is the same value as discussed in relation to K-isomers (Sec. 2.2.4).
In the Nilsson model the values i  and s are no longer conserved so are not ‘good’ quantum 
numbers. It is only Q. and 7t that are conserved and at asymptotically large deformation, the numbers 
N, Hz and A become ‘good’ and can be used to fully describe the state.
2.1.5 Pairing and quasiparticles
Whilst investigating superconductivity in metals, the physicists Bardeen, Cooper and Schrieffer dis­
covered that electrons with opposite angular momentum form pairs within the conduction band. This 
realisation helped them construct a theory of superconductivity, often termed BCS theory [24] after 
the authors. In the years following, Bohr, Mottelson and Pines highlighted the similarities between 
nucleons in a nucleus and electrons in metal, suggesting that a modified version of BCS theory could 
be applied to nuclei [25]. The analogy is based around the fact that an ‘energy gap’ exists for both 
electronic excitation in superconductors and nucleonic excitation in nuclei.
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Axis of Rotation
n  =  A  +  L
Axis of Symmetry
Figure 2.5: Visual representation of the various quantum numbers associated with a nucleon in a deformed 
nucleus.
In nuclei, empirical observations [26] show a lowering of the 0+ ground state in even-even nuclei, 
a property unresolved by the shell model. The paiiing interaction concerns pairs of nucleons in 
equivalent orbits {n ih ji  =  n zh ji)  and couples their total angular momentum to zero ( |/ |  =  0). The 
interaction recreates the energy lowering of the attractive and strong nuclear force present in the 
configuration as a result of the paired, identical nucleons.
The introduction of the pairing interaction allows the pair of nucleons to scatter into higher or­
bitals. The scattering creates an occupation probability, v,, and unoccupied probability, m/ (such that 
uf-\-vJ = 1), for states surrounding the Fermi level, meaning it no longer represents the last filled 
level. Single particles now exist in a ‘sea’ of paired particles around the smeared out Fermi level, 
blocking a pair from occupying that state due to the Pauli principle. In the blocked BCS approxima­
tion [27], the energy of the original single-particle level E  is altered, becoming a single-quasiparticle 
state with an energy
^  ^  ^ (2.7)
where A, known as the pair gap energy, can be either estimated from the empirical odd-even mass 
difference, or calculated as a sum over orbits
UiVi (2.8)
where E  is the level blocked by the unpaired particle and G the strength of the pairing force. Viewing 
a nucleus in terms of quasiparticles leads to an enormous simplification for nuclei with many unpaired.
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valence nucleons. Higher-order quasiparticle states can be represented as a linear combination of the 
single-quasiparticle states used to create them,
=  (2-9)
n
thus recreating the simplicity of the independent particle models while preserving the effects of 
nucleon-nucleon interactions.
2.1.6 Multi-quasiparticle calculations
Providing a nucleus with energy can break pairs [28,29] and allow single particles to partially fill 
higher-lying orbits, blocking them from pair occupation (as discussed in Sec. 2.1.5) and creating 
multi-quasiparticle configurations. Calculations have been carried out to predict these configurations 
based on the blocked BCS theory and described in detail by Jain et al. [27]. It will be useful to 
discuss the basics of the code and how the predictions are calculated. Initially, through probabilistic 
arguments, the assumption is made that only states near the Fermi surface need to be considered, with 
the energy given by Eqn. (2.7) and the pair gap. A, calculated with Eqn. (2.8). The pairing strength 
G is chosen to reproduce the lowest two-quasiparticle states and acts like a scaling factor for the 
final spectrum as larger values mean more energy is needed to break a pair and vice versa. For the 
A ~  190 region we are interested in, the protons and neutrons occupy vastly different orbits so it is 
appropriate to use two independent pairing strengths, one for protons, G^ c, and one for neutrons, Gy. 
It is important to reiterate that the calculation of A involves the sum over all available states. The 
occupation of a state by a quasiparticle blocks a pair from occupying that state. If the sum was taken 
over all possible states, an accurate energy spectrum would not be produced as A would be too large.
To perform the calculations, the deformation parameters % and £4 (the quadrupole and hexade- 
cupole deformation parameters), the proton and neutron numbers and the respective pairing strengths 
are all required. The single-particle energies are calculated according to the Nilsson model. It is the 
energy relative to the ground-state that is calculated, not the ‘full energy’ of the quasiparticle state. 
The pair gap must be calculated for each configuration with the appropriate orbitals blocked. As 
Ui and V/ depend on A, an iterative process is applied so as to be self-consistent. The total energy 
of the multi-quasiparticle state is finally found by combining the energies of the neutron and proton 
configurations.
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2.2 Nuclear decay mechanisms
The many modes of decay available to an unstable nucleus are too numerous to discuss in detail in 
the current work. It will still be prudent however to visit certain aspects in order to highlight the con­
cepts appropriate to nuclei circulating in the ESR, Specifically beta decay, gamma decay and internal 
conversion. For completeness, yet not in such detail, one must also mention the remaining major 
mode, alpha decay. Alpha decay is a classically forbidden mode of decay in which a helium nucleus 
or alpha particle (two protons and two neutrons) is ejected from the unstable nucleus as a single en­
tity. Classically forbidden due to its low energy compared to the Coulomb and centrifugal barrier it 
must overcome inside the nucleus, the alpha particle can tunnel through the barrier to freedom. Alpha 
decaying nuclei are generally proton rich and/or heavier than lead (Z =  82), thus beyond the scope of 
this work, so will not be discussed in any further detail.
2.2.1 Beta decay
Any free nucleon, i.e. one existing in isolation, must be equivalent to any other of the same species 
and exhibit uniform behaviour when placed in the same environment. The half-life of a proton was 
predicted [30] to be 10^  ^ years, with a recent experimental measurement [31] placing a lower limit 
at 10^  ^years. Early measurements on the neutron [32] conversely overestimated, and placed a lower 
limit on the half-life at 15 mins, with later experimental work [33] recording a shorter but precise 
10.61 ± 0 .1 6  min, a value close to that accepted today of 10.24 ± 0 .01  min [34]. As expected, these 
values are true for any and all free protons or neutrons. Once removed from isolation however, and 
surrounded by other nucleons, their behaviour is far from systematic, the change in environment 
causing a large deviation from a uniform half-life. It is this deviation that makes the process known 
as beta decay such an interesting phenomenon. During beta decay, either a proton is converted into a 
neutron or vice versa. Once inside the nucleus, if a more stable nuclear environment can be created 
through the conversion of one nuclear species into another, then a nucleon can display a half-life 
ranging from a fraction of a second, e.g. 5.8 ms in the case [35] to billions of years in the case 
of ^^ “^ Ta, which has recently been given a lower bound of 1.7 x lO^^years [36]. Although these are 
the extreme cases, a high proportion of radioactive nuclei decay via this method and a half-life in that 
range can equate to a change from the free half-life by many orders of magnitude. The study of nuclei 
that beta decay and those they decay into is thus a fascinating branch of nuclear physics.
There are two types of beta decay, and as shown in Eqns. (2.10). The ‘extra’ particles 
are created as a result of charge and lepton number conservation. The two symmetries require the 
creation of an electron/positron and anti-neutrino/neutrino during )3“ /j3+ decay. Neither of these
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particles exist inside the nucleus prior to decay. They are created at the moment of decay.
j8 : n —^ p-\- e ±  Vg (2.1 Oa)
'• p —yn-\-e^-\-Ve  (2 .10b)
There is also a third process in which an atomic electron is captured by a proton and the two transform
into a neutron [p-\-e~ ^ n  + Ve). This process is known as electron capture and as it also converts a
proton to a neutron, can compete with decay.
Inspection of Eqns. (2.10), shows that both forms of beta decay leave the mass number of the 
nucleus unchanged. This ‘re-ordering’ of the internal structure as opposed to the removal of nucleons 
means that the mass difference between parent and daughter nuclei is on a scale observable within 
the ESR. Although discussed in terms of isomers in Chapter 1, the argument about simultaneous 
observation providing a self-consistent means by which mass differences can be calculated is equally 
valid for beta decaying nuclei.
2.2.2 Gamma decay
The majority of excited nuclear states have a half-life ~  10“ ^^  seconds, decaying via either the emis­
sion of a 7-ray as the excited nucleus deexcites to a lower lying energy level, or the emission of an 
atomic electron through internal conversion (discussed in Sec. 2.2.3). Although not rigorously de­
fined, any state with ri ^  10“  ^ seconds is said to be an isomer and constitutes a significant part of 
the understanding of nuclear structure. Labelled only through a lower limit, isomers are often split 
into short (10“  ^s ^  L ^  1 s) and long (fi ^  1 s) lived varieties. The underlying physics of each is 
equally important, however the method of measuring the two is markedly different, with the equip­
ment used for the current work providing the quintessential example. The technique used to obtain 
the data for the results presented in this thesis uses three-quarters of the equipment used by the RIS­
ING collaboration [37]. The production and selection of nuclei is almost identical, it is only at the 
final stage, when data are taken, that a different piece of apparatus and thus measuring style is em­
ployed. The RISING collaboration, focusing on shorter-lived isomers, uses an array of germanium 
detectors to correlate implanted nuclei with recorded 7-rays making them sensitive to half-lives in the 
range 10“  ^s ^  L ^  10“  ^s. The FRS-ESR collaboration (of which this work is a part) use a storage 
ring to contain the nuclei, measuring the mass and inferring the isomeric energy. As the nuclei are 
measured in a non-destructive manner, there is no upper limit of half-life that can measured, only a 
lower bound imposed by measurement criteria of 1 s. It is this constraint that leads us to focus on 
the longer-lived species of isomers and the implications of their nature. A full explanation of the
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experimental technique used, and why the limits of measurement are the values quoted, can be found 
in Chapter 3.
Any 7-ray, emitted during the depopulation of an excited state, must adhere to the standard con­
servation laws of energy E, angular momentum L, and parity 7C. Although the nucleus will recoil with 
the emission of a 7-ray, the fraction of energy taken by the nucleus is so small that the 7-ray energy 
Ey, is the difference in energy between the final, E f  and initial E/ levels to within a high degree of 
accuracy. The angular momentum however can take several different values, depending on the two 
states involved, but is limited to the range
The change in level parity during the transition is related to both the multipolarity and nature (electric 
or magnetic) of the decay via the following laws,
Ati{EL) =  ( -1 )^
A ti{ML) =  (-1)^+^
If a range of multipolarities are possible, then a variety of multipole transitions will also be valid for 
a certain 7-ray. The lower the multipole, the higher the transition probability, thus the lowest multi­
pole transition tends to dominate. Transition probabilities for single-particle levels can be calculated 
and are typically quoted in Weisskopf units. For electric/magnetic transitions of multipole L, the 
Weisskopf estimates [38,39] are:
(2 .12a)['■'"■‘I 
I"-'-""]
We can use these probabilities to calculate single-particle Weisskopf half-lives 7 ^ ,  which will be 
important when we talk about K-isomers later (see Sec. 2.2.4). Figure 2.6 shows the Weisskopf half- 
life trends for magnetic and electric decays up to octopole (A =3) transitions.
2.2.3 Internal conversion
Whenever a nucleus deexcites, the two processes of internal conversion and 7-ray emission compete 
to take away the energy. Often a much slower and thus less observed decay path, as the transition 
energy decreases and the Z  of the nucleus increases, internal conversion becomes a more probable
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Figure 2.6: Weisskopf half-life estimates for E l, M l, E2, M2, E3 & M3 transitions for y-ray energies 
between 20 keV and 2 MeV in an A=200 nucleus.
decay mode. In the process of internal conversion, the multipole field of the nucleus interacts with 
the lower lying electrons (often, but not necessarily those in the K-shell) imparting enough energy for 
it to break free of the atom. The hole left in the atomic shell is filled by an electron from a higher 
orbital, resulting in the emission of an X-ray as the electron deexcites to a lower level. To be ejected 
from the atom, the conversion electron must have an energy greater than the binding energy, B.E. 
of the atomic shell from whence it came. Thus, once free of the atom the electron will have kinetic 
energy
Te = A E - B .E .,  (2.13)
where AE is the energy difference in the nuclear levels. As we now have two competing branches of 
decay available to the excited nucleus, the decay constant A can be split into two components. One 
corresponding to the y-ray Ay and the other to the converted electron Ag
A — Ay “b Ag.
An internal conversion coefficient, a  is defined as
^  Ay'
(2.14)
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the probability of electron emission relative to that of y-ray emission. The total decay probability can 
thus be written
A =  Ay(l +  a ) .  (2.15)
As with A, a  represents the total internal conversion coefficient so can be split into partial coefficients 
representing the different atomic shells (a  = a x  ccl + (Xm + • • •) and similarly the partial coefficients 
can be further split according to subshells (%  =  a i, +  ai„  +  0Cl,„).
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Figure 2.7: Total internal conversion coefficients for E l, M l, E2, M2, E3 & M3 transitions between 
20keV and 2 MeV for Z=80 (Hg). The sudden changes at ~85 keV is due to the K-shell binding energy.
The derivation of internal conversion coefficients is non-trivial and far beyond the scope of this 
work. Like Weisskopf half-lives, however, it will be useful to view the general trends. For electric 
and magnetic transitions of multipole L, the total internal conversion coefficients [38,39] are:
a(E L) ^
a  {ML) ^
L + \ J \ n J  \47i£ohc_ ,  ^ E
/2meC^
n )  y \  E
4 / .
(2.16a)
(2.16b)
where Z represents the atomic number of the atom from which the electron is ejected, n the principal 
quantum number corresponding to the atomic shell the electron has come from, E  the transition energy 
and L the multipolarity of the transition. Although not an exact plot of Eqns. (2.16), Fig. 2.7 shows the 
general trend for a  is to decrease with transition energy. An important point, not apparent in Fig. 2.7, 
but worthwhile noting is the dependence on {Z jn f' for both magnetic and electric transitions. Thus
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the conversion process becomes more important for heavier nuclei, but less so for the atomic shells 
‘further out’.
2.2.4 Isomeric states
An isomeric state can decay in numerous different ways, such as the emission of a proton [40,41], 
spontaneous fission [42,43] and although as yet unobserved, neutron emitting isomeric states are 
thought to be possible. The most commonly observed however decay through y-ray emission or j8 
decay. A /3 decaying isomer is no different in principle from a ground-state j3 decay as discussed in 
Sec. 2.2.1. The y-decaying isomers can be split into three main categories [10] as summarised below.
Shape isomers
Shape isomers are caused by deformation differences between the excited and ground states, with 
the excited state lying in a local minimum of the potential, separated from the global minimum (the 
ground-state) by a potential barrier. Decay by y-ray emission is only possible via tunnelling through 
the barrier thus greatly extending the lifetime. In some cases, particularly heavy nuclei (Z >  90), it 
may be more energetically favourable to spontaneously fission [43].
Spin trap isomers
Spin traps occur as a result of the large difference between the spin of the excited state and that of 
the ground state, or state to which the isomer decays. The probability of decay decreases rapidly with 
multipolarity for both electric and magnetic transitions (see Eqns. (2.12)), thus the large change in 
multipolarity required for decay creates a much longer half-life than normal. A good example of a 
spin trap isomer which has already been mentioned in relation to jS-decay is ^^^'"Ta. The isomeric 
state has spin 9^ at 75 keV with the ground state having Ih, thus radiation with A =  8 would be 
required for the decay to occur. Such a large difference in multipolarity leads to a very long half life, 
the empirical lower limit for which is 1.7 x 10^^ years [36].
K-isomers
K-isomers occur in axially symmetric nuclei, with prolate deformation (fSz > 0). The value K, men­
tioned in Sec. 2.1.4 is the projection quantum number and represents the projection of the angular 
momentum onto the symmetry axis. A K-isomer arises when the decay to a lower lying state re­
quires a large change in the orientation of the angular momentum and is characterised by its degree 
of forbiddenness, v
V = A K - L ,  (2.17)
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where AK  comes from the change in orientation of angular momentum between the initial and final 
state into which it decays and L  is the multipolarity of the transition between the two states. The 
hindrance of the isomer can be ‘removed’ or reduced through K-mixing, caused by either Coriolis 
effects [44], or y-deformation tunnelling [45,46]. A measure of K  purity can be quantified by the 
reduced hindrance factor, fy
fv =
rpexp
M/2
rpW
M/2J
(2.18)
where is the experimentally measured half-life and T^ 2  single-particle Weisskopf half-life, 
discussed in Sec. 2.2.2. The reduced hindrance has been calculated for many different combinations 
of AK  and multipole orders of transitions K, and found typically to fall in the range 10 < f y < 
100 [47].
Chapter 3
Experimental technique
3.1 Creation of the ions
Employing the UNIversal Linear Accelerator (UNILAC) in conjunction with the the Schwerlonen 
(heavy-ion) Synchrotron (SIS) [48] at the Gesellschaft fiir Schwerionenforschung (GSI), a beam of 
238y73+ ^ 1^ ]^  energy 670 MeV/u (i.e. 670 MeV per nucleon) was produced and delivered to the en­
trance of the FRagment Separator (FRS) with intensities of up to 2 x 10  ^particles per spill. Figure 3.1 
shows the SIS in relation to the other pieces of apparatus used during the experiment, and discussed 
later in the chapter.
Target
Electron Cooler
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SIS FRS f (Ê^ )
Schottky Pick-ups
Figure 3.1: Schematic of the SIS-FRS-ESR setup at GSI, adapted from [49].
To create the nuclei of interest, a target of 4 g/cm^ ^Be was placed at the entrance to the FRS, 
leading to fragmentation reactions in the primary beam. The fragmentation process can be well 
described by the abrasion-ablation model [50-53] and has been previously used to discover both new 
isotopes [54] and isomers [55] in the neutron-rich region. In the abrasion-ablation model, the reaction 
is split into two distinct parts. In the initial, abrasion, phase the relativistic beam particle collides with 
a target nucleus and the two are in contact for a time period ~  10~^^s. This is comparable to, or
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less than the orbital period of a single nucleon within the nucleus. It is therefore valid to assume that 
nucleons outside the overlap of the two nuclei, often termed spectators, are stationary for the entirety 
of the abrasion process and take no part in this stage of the reaction. After the collision the beam 
has been sheered into a prefragment containing the spectator nucleons and a smaller prefragment that 
consists of those nucleons involved in the collision. The larger prefragment continues to travel in the 
original direction of the beam with a similar velocity, but in a highly excited state due to the removal of 
nucleons. The second, ablation, phase then occurs over a much longer time period as the prefragment 
travels away from the collision site. To return to an equilibrium state the prefragment goes through 
an internal re-arrangement and emits y-rays and on occasion small clusters, but primarily, due to 
the lack of a Coulomb barrier, neutrons. To create neutron-rich fragments, we must therefore take 
care regarding which particles are evaporated from the prefragement, as the standard fragmentation 
creates mainly neutron-deficient nuclei. The process of cold fragmentation [561 limits the excitation 
of the prefragment, hindering the emission of neutrons, thus creating the required neutron-rich final 
fragments. It was found [57] that the excitation energy of the prefragments was proportional to the 
number of nucleons removed from the beam, with cold fragmentation occurring in the low energy tail 
of the corresponding energy distribution. As a result, the cross-sections to create neutron-rich nuclei 
decreases dramatically with the number of protons removed from the beam.
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Figure 3.2: Calculated equilibrium charge state distributions of the projectile fragments after the target. 
Values were calculated using the GLOBAL code [58] with an initial beam energy of 670 MeV/u.
The FRS is a magnetic spectrometer [59-61] that separates the nuclei created after the fragmen­
tation process via a series of magnets which bend and focus the particles. Any unwanted nuclei that
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are populated are thus filtered from those of interest before injection into the Experimental Storage 
Ring (ESR). Emerging from the target, the primary beam fragments are highly energetic and either 
fully stripped of their atomic electrons or carrying only a few (1-3) electrons as they enter the FRS, 
see Fig. 3.2. Throughout the experiment, the magnetic rigidity of the FRS was set and fixed at 7.9 Tm 
allowing the selection of different regions of the nuclear chart to be achieved by altering the cooler 
voltage and cooler current within the ESR (see Sec 3.1.2 for an explanation of these values).
3.1.1 Beam selection
A primary beam of was chosen to maximise the angular momentum of the final fragments 
so increasing the probability of populating the high-spin isomers we are interested in. It has been 
shown [621 that relativistic fragmentation can create isomeric states with angular momentum up to 
43/2A, so the predicted isomeric states in the targeted nuclei (~  ISh) are well within the range of 
this reaction. To create an A~190 isotope requires the removal of 40-50 nucleons from the primary 
beam. The cumulative effect of removing all of these nucleons increases the chance of populating 
high-spin states.
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Figure 3.3: Cross sections in the isotopic chains of a selection of nuclei targeted in the current work. 
The values were calculated using the EPAX program with a 2^^U primary beam. The horizontal blue 
line represents the cross section needed to capture 1 particle per day with the present FRS-ESR setup, 
10-8 b [63].
Predictions of nuclear cross sections were made using the “empirical parametrization of frag­
mentation cross sections” program EPAX [64]. Figure 3.3 shows the predicted cross sections for the
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The momentum acceptance of the ESR at injection is ( -^  =  ) ±0.35% [65], at which point the nuclei
nuclei of interest in this thesis. The program EPAX does not account for any fission that may occur 
in the fragments, so these predictions act more as a guide to the relative population within an isotopic 
chain, rather than accurate values with which to calculate the number of nuclei that will reach the 
ESR.
3.1.2 Circulation in the storage ring
have a velocity spread ( ^ )  ~  1% and are termed ‘hot’. During operation however, the momentum 
acceptance is much greater, ±1.5%, creating the environment that allows the simultaneous measure­
ment of a large range of mass to charge ratios. In order to utilise this measuring power, the hot nuclei 
must be ‘cooled’, reducing their velocity spread and allowing them to fill the full acceptance of the 
ESR. The initially hot nuclei are cooled using the electron cooler [661 (see Fig. 3.4). The electron 
cooler operates via a series of atomic interactions which force the nuclei into velocity equilibrium 
with the stream of electrons. Those travelling too fast are slowed down and those travelling too slow 
are sped up. Recombination of the electrons with the highly charged has a very low probability 
due to the high energy (350 MeV/u) of the nuclei. Once cooled, the velocity spread is reduced to
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Figure 3.4: The experimental storage ring, adapted from [49]. The dipole magnets alter the path of the 
stored ions allowing them to circulate. The quadrupoles keep them focused and centred and the hexapoles 
correct for higher order beam optics correction. The electron cooler and Schottky pick-ups are discussed 
in detail in the text.
lQ-^% at which point all of the nuclei circulate with a near identical mean velocity. The velocity is 
controlled by the voltage applied to the electron cooler, with the current passed through it controlling 
how quickly the cooling happens. A higher current represents a greater density of electrons and thus a
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faster cooling time. Cooling time is heavily dependent on the velocity difference between the cooling 
electrons and the nuclei as they enter the ESR, with a larger discrepancy leading to a longer cooling 
time. On average, throughout the experiment, a cooling time ~  1 s was achieved.
3.2 Schottky mass spectrometry
Schottky noise spectroscopy is widely used in circular accelerators and storage rings because of its 
non-destructive nature. As the ions circulate they induce a charge in the pick-ups (see Figs. 3.4 and 
3.5) proportional to the square of their charge state. The lack of contact between the ions and Schottky 
pick-ups allows the charged nuclei to pass through the ‘detection area’ physically unaffected by the 
measurement, so in theory the measurement of a single ion can take place over several hours.
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Figure 3.5: Schematic of the electronics setup used for Schottky measurements in conjunction with the 
ESR, adapted from [49].
During the experiment, the ions circulate in the 108 m ESR with revolutionary frequencies ~ 2  MHz, 
which corresponds to a revolution time of ~500ns. A resonant circuit attached to the pick-ups was 
used to pick out the 3Cf  ^harmonic, giving a signal frequency of ~60 MHz. A low noise amplifier is 
then used on the signals from both plates and the resultant signals summed. As a result, the band­
width of acceptance into the ESR is around 320 kHz. After this, an image-reject mixer is used to 
down-convert the signal to a frequency range of 0 -  320 kHz.
The final signal is treated by a Time CAPture system with the resultant data split into two parts, 
one is used for on-line analysis during the experimental run and the other is recorded to disk for 
off-line analysis.
Chapter 4
Data analysis
4.1 Manipulation of the raw data
A Fast Fourier Transformation (FFT) is applied to the raw data files to produce a noise power density 
spectrum representing the revolution frequencies of the ions stored in the ESR. Figure. 4.1 shows 
the basic premise of a FFT. For each ion, n half waves are fitted between consecutive signals to 
create the harmonic. As an example three waves with varying frequencies are displayed and the 
second harmonic of the blue wave highlighted. After entering the ESR, each ion will circulate with an 
individual frequency and ^  value. A unique sinusoidal wave can be thus fitted to each ionic species, 
and the result treated with a FFT, producing a spectrum in which each peak corresponds to a single 
ion, as is shown in the lower section of Fig. 4.1.
<^•+1 /^+2 * i + 3
Time
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Frequency
Figure 4.1: A simplified example of how the raw data is treated using a Fast Fourier Transforma­
tion (FFT).
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A single spectrum has a total frequency range of 312.5 kHz, over which suitable FFT parameters 
were chosen to maximise the signal to noise ratio, while maintaining a frequency resolution high 
enough to measure a peak to an accuracy ~  1 Hz. It was found that a channel width of 4.79 Hz, with 
averaging over 100 spectra, provided the most efficient analysis conditions. At this level, a single 
unaveraged spectrum corresponds to 0.2 s of measuring time and contains 65 536 (2^^) channels. The 
lower frequency resolution (2 ^^  channels) leads to too inaccurate a frequency determination while 
the higher (2^^ channels) caused any single ion peaks to become lost in the background. Averaging 
over 100 spectra was again selected to ensure single ions were visible and also optimise the signal 
to noise ratio, yet avoid broadening of the peak due to any changes in experimental conditions. The 
implementation of these parameters created spectra corresponding to 20  s of measuring time, with a 
single injection containing an average of 14 spectra and spanning 4.66 nuns.
Over the course of the experiment, the electron cooler voltage was varied between 190-220kV  
in steps of 2kV, in an attempt to cover as much of the nuclear chart lighter than uranium as possible. 
The data set was then split into two parts, with data relating to nuclei heavier then lead (190 -  200 kV) 
analysed at GSI [67-69] and the remaining settings analysed and presented in this thesis. The data 
that were analysed contained a total of 138 injections from 7 setting, representing ~11 hours of 
measurement. Unfortunately, due to a combination of ‘noisy’ spectra and low numbers of ions in 
the ring, 52 of those injections could not be used to extract mass values. All of the remaining 86 
injections were partially analysed. However, as discussed in Sec. 4.3, complete analysis of every 
injection could not be achieved. The 206 kV setting was chosen for full analysis due to the confidence 
in identifications and the mixture of ‘new’ and ‘old’ masses. Complete analysis was carried out on 
11 injections, with identifications that included two ground-isomeric state pairs, two ‘stand alone’ 
isomers and four new or improved mass values.
4.2 Evaluation of spectra
All frequency spectra have the same basic shape, with the upper panel of Fig. 4.2 illustrating the typ­
ical form. The spikes correspond to ions circulating in the ESR with the hump caused by background 
signals and electronic noise. The smooth nature of the background means that it can be fitted with 
a standard polynomial function and subtracted from the overall spectra as shown in the lower panel 
of Fig. 4.2. Each spectrum was then automatically scanned for peaks, with a peak being defined as 
anything wider than three channels, so creating a list of possible nuclei. This condition, although 
highlighting a large number of peaks caused by background fluctuation, was chosen to avoid the re­
jection of any single-ion peaks. To distinguish ions from noise, each injection was then individually
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Figure 4.2: Treatment of the data with a FFT creates a frequency-signal spectrum, with a typical example 
shown above. All frequencies are relative to the local oscillator frequency (58.03 MHz). This will also 
be the case for all frequency values quoted in the coming chapters. The top panel shows the spectrum 
immediately after the FFT, and the lower the same spectrum once the background has been subtracted.
analysed by observing the evolution of the spectra over time. For each selected peak, a Gaussian dis­
tribution was fitted to provide the central frequency and the uncertainty associated with it. Figure 4.3 
shows the quality of the fit achieved. Various experimental factors must be taken into account before 
attempting to identify the ions present in the ESR, each of which is now discussed.
4.2.1 Drift correction
Whether due to electronics, magnet power supplies or some other time dependent effect, the frequency 
peak of an ion drifts over the course of an injection. All ions present in the ESR will experience the 
same systematic drift allowing a correction to be applied. Within a single injection, corrections are 
made via the comparison of sequential spectra. For each peak in the initial spectrum, a frequency 
window of 50 Hz is created which is centred around that frequency in the second spectrum. If a peak 
exists within that window, it is assumed to be the same ion and the drift recorded as the difference in 
frequency between the two peaks. This procedure is carried out for all peaks in the initial spectrum 
and the average value of all of the individual drifts taken as the drift for the entire spectrum. In almost
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Figure 4.3: Gaussian fit of a standard frequency peak.
all cases, the first spectrum of an injection is poorly cooled so contains both weak and broad peaks. 
As a result, spectra were shifted relative to the second spectrum of each injection.
Figure 4.4 shows the process of drift correction, using identifications from the presented data 
set as examples. Once corrected, nuclei circulating in the ESR appear as straight trajectories, while 
background peaks ‘wander’ over time. Using graphical software to view an injection in this manner, 
it is possible to analyse the spectra and injection as a whole, selecting those ions of interest and 
rejecting unwanted peaks caused by background signals. The examples shown in Fig. 4.4 all exist 
for the entirety of the injection, however this is not always the case. It is possible, through slow 
cooling, electron capture or some other physical event, that a trajectory may seem to suddenly appear 
or disappear. In these cases a minimum of 3 spectra were required. That is the trajectory had to exist 
for at least 3 spectra to be selected as real. Otherwise it was rejected and treated as background.
4.2.2 Frequency shifts of neighbouring peaks
In a small fraction of cases, an interaction occurs between two ions which means that they must 
both be removed from the analysis and identification process. As a consequence of the electron
cooling (see Sec. 3.1.2) all ions have an almost identical velocity 10  ^ j , with differences in
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Figure 4.4: Drift correction of individual files within an injection. The upper panel contains the unaltered 
spectra, and the lower the same spectra after drift correction is applied. Details of the method used can be 
found in the text.
revolution frequency caused mainly by an ion’s ^  value. As a result, ions with relatively high ^  
will have lower frequencies and longer orbital path lengths, so will need to be passed by ions with 
lower ^  values once inside the ring. If the ^  difference between two ions is large enough, then they 
can move independently and physically pass each other as needs be, producing two distinguishable 
signals that can be recorded. However, if two ions simultaneously exist in the ring with a small 
enough (~  10“ ^) difference in ÿ , as the ion with smaller radius approaches the other. Coulomb 
repulsion between the two positively charged ions will prevent it from passing [70-72], ‘blocking’ it 
from its previous path. The two ions continue to circulate as if stuck together, traversing an average 
radius and producing a single signal. Figure 4.5 shows an example of this process, where the lighter
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i98Hg77+ appears to stick to the heavier as it attempts to overtake inside the ring, with
the two ions then circulating as one, with a frequency that is the weighted average of the two previous 
traces. Also demonstrated by Fig. 4.5, is the sudden increase in signal that allows such cases to be 
easily distinguished and removed from further analysis. The signal strength produced by the Schottky 
plates is proportional to the charge state squared, and two ions stuck together will often have the same 
charge state. Thus the combination of two ions will create a signal with four times the strength as the 
original, individual signals. The sudden change in both frequency and signal strength means that it is 
simple to remove such cases from the identification process when an injection is being scanned for 
candidates.
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Figure 4.5: Two ions sticking in the ring. In the right panel, the different times slices are represented by 
different colours.
4.3 Ion identification and mass evaluation
Obtaining the mass of an ion in the ESR is a two step process. Initially, one must determine the 
mass number, charge on the ion and the state (i.e. ground or isomeric) for all of the ions. Secondly, 
when sure of the identifications, appropriate calibration nuclei must be chosen from those present and 
precise mass values for the remaining nuclei determined by interpolation. In both steps the momentum 
compaction factor is a key parameter which governs particle behaviour in the ring. It can be used to
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calculate the ^  of one ion if the ^  value of another is known and the frequency of both are measured. 
It will therefore be appropriate to spend some time discussing this quantity before describing how the 
final identifications and masses were obtained.
4.3.1 The momentum compaction factor
The momentum compaction factor, ap, is defined by somewhat arbitrary and difficult to measure 
values. We can thus derive how the frequency and mass of one particle can be related to another by 
using this factor. Initially defined [73]:
L i m
C j  p{s)
Up — — (f) - - -  ds, (4.1)
it is used to describe how a particle’s movement varies from an ideal orbit. The term C represents 
the ideal closed orbit within the ESR, with s corresponding to the particle’s azimuthal coordinate and 
p  (5) the radius of curvature. Labelling the internal magnetic field of the ESR B, a particle moving 
on the ideal path will have momentum^ Bp, with all other, non-ideal particles having momentum 
Bp 4 -dBp  and radius of curvature p{s) +  Sp{s). The function D{s), known as the dispersion function 
or more colloquially the “wigghng factor”, relates the fractional deviation in momentum of a non­
ideal particle and the difference in radius of curvature via
d{Bp) 5p{s)
Bp D{s) ■  ^ ’
The value 5p{s) will be neither constant nor simple to measure and similarly, through Eqn. (4.2), 
D{s) will be non-trivial to calculate. We will therefore replace them in Eqn. (4.1) with more tangible 
values. Figure 4.6 shows a section of orbit for both an ideal and non-ideal particle, with some of the 
terms discussed in the text labelled. The value dL  represents the difference in path length of a non­
ideal particle as it traverses a section of its orbit when compared to an ideal particle that has subtended 
the same angle. Using Fig. 4.6 together with the geometry of a circle, the closed path lengths for both 
particles can be written
2%p{s)-\-2%8p{s) = ds-\-dL (4.3a)
2np{s) — ds. (4.3b)
 ^ Eqn. (4.8) shows that the magnetic rigidity Bp is related to the momentum by a constant of proportionality equal to 
the reciprocal of the charge.
4.3 Ion identification and mass evaluation 33
ds-\-dL
8p{s)
Bp +dBp
Figure 4.6: A section of a particle’s orbit, showing how a change in the magnetic rigidity from Bp to 
B p + d B p  alters the radius of curvature and hence the orbital path length.
Comparing Eqns. (4.3a) and (4.3b), the variation in path length and radius of curvature of the non­
ideal particle are seen to he related hy
(4.4)
dividing Eqn. (4.3h) hy Eqn. (4.4) and rearranging we find
ds dL
p(f)
(4.5)
Substituting Eqns. (4.5) and (4.2) into Eqn. (4.1), and letting § d L  = dC, i.e. the full difference in 
orbital path length, an expression is obtained for the momentum compaction factor that relies on the 
path length and magnetic rigidity:
dC Bp 
~C d{Bp)'~  • (4.6)
To include the mass of the particle and a measurable quantity, frequency, we will re-write the right 
hand side of Eqn. (4.6) so that it contains these variables. Taking /  as the frequency, the velocity of a 
particle can be written v =  f C  thus
=  (4.7)
The arrangement of magnets in the ESR means that it is perfectly valid to treat the particle as following
a circular path. Equating the forces of a relativistic particle, mass ym, charge q and travelling at jSc in
a circle with radius of curvature p and in the presence of an external magnetic field B, the magnetic 
rigidity can be defined
Bp = —yl3c. (4.8)
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Taking the full derivative^ of Eqn. (4.8), setting the variables as ^  and yj8 , and then dividing the result 
by Eqn. (4.8), an expression is obtained that contains the mass to charge ratio of the particle
d{Bp) d(yP)
Bp  ‘ rP
(4.9)
Using the fact that the Lorentz factor 7  is a function of jS allows a simplification of the second term on 
the right hand side of Eqn. (4.9) and similarly as j8 itself is the particle’s velocity as a fraction of the 
speed of light, which is a constant, we can relate j3 and v through the expression ^  Combining 
all of these factors, an expression is obtained for the relative variation of the magnetic rigidity in terms 
of mass to charge ratio and velocity of the particle
Substituting Eqn. (4.10) into Eqn. (4.6) and the result into Eqn. (4.7), an expression is obtained that 
relates the measurable frequency to the variable of interest, the mass of the particle. Defining a 
transition point for the ESR 7  =  the overall expression becomes
_ ‘^ ( f )  , f ,  f \ d v
Equation (4.11) forms the basis of all mass measurements using a storage ring, as different experi­
mental set-ups involve the cancellation of the final term.
For Schottky Mass Spectrometry (SMS) ^  —^ 0
For Isochronous Mass Spectrometry (IMS) [74] 7 ^ 7
In both cases, although the different methods are used for different ranges of nuclear half-lives, 
Eqn. (4.11) collapses to an expression relating only frequency and mass to charge ratio.
=  - U p  ; ,  (4.12)
* F o r  a  f u n c t io n  w ith  n v a r ia b le s  / { x j . .  . x , ) ,  i ts  fu il  d e r iv a t iv e  is  d f { x \ . .  .x „ )  =
,=1
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Choosing a frequency range such that Up can be assumed to be constant, the ion is taken as 
reference so its mass is known, and the frequency f j  measured leaving , as the single unknown 
of Eqn. (4.12).
4.3.2 Ion identification
The established analysis method, honed in previous storage ring experiments using the Schottky 
mode [49,65], utilises modem computing power to determine the identifications of the ions present in 
the ring on an injection by injection basis. Calculating the average frequency for each ion throughout 
the injection to create a single spectra, the new total spectra is split into 3 0 -6 0  kHz sections in which 
ions are individually identified. For each section, a theoretical spectra is created using the first ion 
and Eqn. (4.12) then compared to the measured spectra. Iterating through an ^  list, altering the initial 
ion and comparing the difference in overall frequency between the theoretical and measured spectra, 
a minimum deviation is found and ion identifications assigned.
Applying this process, the majority of the selected peaks can usually be unambiguously identified, 
with only a small number of cases needing further investigation. However, problems arise when one 
has a small number of ions, and an overall minimisation becomes ‘washed out’ if the spectmm is 
split into many sections. Combining two sections of the spectmm, although increasing statistics, can 
lead to impossible or high unHkely identifications due to the non-linear and non-analytical behaviour 
of Up, when taken as a function of frequency over a large range. Initial attempts to overcome this 
problem with the present data, revolved around combining multiple consecutive injections to increase 
the total number of ions in a spectmm. Once again, however, low statistics, and more importantly 
a lack of regularly appearing ions, meant aligning injections relative to each other was not possible. 
Figure 4.7 shows how the frequencies of four different ions drift over the course of a given cooler- 
voltage setting. Only one of the four ions exists in more than half of the injections, and even that 
exists in just under three-quarters. These four ions are representative of the injections and settings as 
a whole. No nuclei are consistently present in the ring, thus preventing any simple combination of 
multiple injections. Nevertheless, it is still possible to determine clear trends.
The open red squares on the left of Fig. 4.7 demonstrate a second problem encountered whilst 
attempting to combine injections. In some cases, the fragmentation process appears to altemate in 
the production of different nuclear species on an injection by injection basis. The majority of the red 
squares, and thus peaks at that frequency value, are assigned to 203'pj79+ jjowever, careful inspection 
shows that on four occasions the peak corresponds to ^®^Hg^^+. Never are the two populated at the 
same time. The scale of shifting between injections is comparable to the mass difference of these two 
ions when represented in terms of frequency. Any compensation for drift could therefore wrongly
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assume that they were the same ion and try to shift them to a common frequency. Again, this is not a 
one-off example, and similar situations occur at other frequencies.
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Figure 4.7: The drifting of four different peaks over the time period of the setting that has been analysed 
(206 kV cooler voltage). Each point represents the averaged frequency for a single injection, with the 
horizontal solid black lines corresponding to a frequency interval of 50Hz (i.e. not an error bar). The 
identification of each ion is given at the top of the figure and the reason for the open red squares is 
discussed in the text.
In order to achieve identifications with which one can be confident, aspects of both the established 
method and the injection-combination method (discussed above) were utilised. Each injection was 
compared with the one immediately after to try and find suitable pairs containing a group of ions at 
the same frequency locations, preferably with two ions close together (as shown in Fig. 4.4) in order 
to avoid the “open red square” problem discussed in relation to Fig. 4.7. The chosen injections were 
then shifted and combined, and the “established” method, discussed earlier, used on the result. Com­
paring the output for the combined injections, a collection of ions around the centre of the frequency 
spectrum was found to have consistent identifications, or at least the same mass number and charge 
state. However, towards the ends of the frequency spectrum, ions with similar frequency values had 
different identifications in different injections. The central region of reliably identified ions spanned 
% 25 kHz and had two relatively consistent ions with well known masses at each limit. A by-hand 
identification technique was therefore used in this region of the spectrum, using the two end peaks as 
anchor points.
Labelling one anchor ion with frequency / i  and mass the other with /2  and and the
unknown ion with /  and two implementations of Eqn. (4.12) can be set up relating the unknown
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nuclei to both anchor points. Simultaneously solving these two equations yields an expression for ^  
as a function of the measured frequencies and well known mass values.
Equation (4.13) was used for every spectrum in which the two anchor nuclei were present, to calculate 
the ^  value of all ions that occurred between the two. Mass excess values were then calculated with 
the use of the well known atomic electron binding energies [75-78]. The assumption of a constant 
ap between the two anchor nuclei greatly simplifies the final expression, and was shown to be valid 
by measurements made using a varying ap. Applying a linear fit, we found that the change in ap 
between the two anchors was on a scale that made a negligible difference to the final mass value. For 
computational ease, we therefore always used Eqn. (4.13) to calculate mass values.
4.3.3 Calibration nuclei
Examples of chosen anchor points which were used as calibrations are the first and last ions in 
Fig. 4.7. As both ^^^Tl and ^®^Hg have well known mass excesses and we could confidently dis­
tinguish which one was present, both could be used as calibration points.
Table 4.1: The nuclei used for calibration in the current work. Mass excess values are taken from the 
AME2003 [7] and values are in keV.
Nuclei Mass excess G
“ “Hg -29 504.1 0.4
2 0 2 H g -27345.9 0.6
203 T l -25761.1 1.3
2 0 3 H g -25 269.1 1.7
In one set of combined injections, the previously unmeasured nuclide ^^ "^ Er was identified just 
outside of our measurement region, and slightly further away was an ion with well known mass. 
The frequency range was comparable (30 kHz) with that previously discussed, so we were 
able to use the same process in this frequency region. Table 4,1 lists all of the nuclei that were used 
as calibration points in the current work.
4.4 Mass excess uncertainties
The statistical uncertainty on ^  was found by propagating the individual errors through Eqn. (4.13), 
the error on the atomic electron binding energy is less than 1 keV, and that of the electron mass even 
smaller. Both are negligible compared to the final quoted error, so have no significant contribution.
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The statistical uncertainty on the mass excess is therefore taken to be the same as the uncertainty 
on the ^  value. The systematic uncertainty in the system was calculated by comparing the measured 
mass excess of those nuclei that were known to an accuracy greater than is achievable with the current 
data set, with their literature values and an iterative process used to solve the following equation,
N /M Ÿ
\  tab le__________m easured  )    AT ( A  l
where is the tabulated mass [7], the mass as measured in the current work, the
tabulated uncertainty, the statistical uncertainty calculated, and the systematic error to be 
iterated over and minimised. The index n runs over the total number of references masses N. The 
iterative process was stopped at a level of 1 keV, with a final value.
= 51keV .
The total uncertainty on the final mass excess value was then calculated by adding the statistical 
uncertainty to the systematic uncertainty in quadrature.
G^ +(7^ .
s ta t syst
All quoted uncertainty values in the following chapters will be total, and will have been calculated in 
this way.
Chapter 5
Results and discussion
5.1 Reference masses
The seven nuclei used to calculate the systematic uncertainty, as discussed in Sec. 4.4, are listed 
in Table 5.1 and the final column graphically presented in Fig. 5.1. For the cases in which only 
the isomeric state was measured, the tabulated value of the ground state has been subtracted to get 
the isomeric excitation energy. The uncertainty on the excitation energy was found by adding the 
individual uncertainties of the mass excesses in quadrature. For the cases where both isomeric and 
ground state mass excesses were measured, a slightly different systematic uncertainty was employed, 
as is now discussed.
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Figure 5.1: Comparison of the experimental values used to calculate the systematic error with their pub­
lished values.
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5.1.1 Isomer energy uncertainty
If two ionic species were to exist in the same injection, one in the isomeric state and one in the ground 
state of the same isotope, any systematic uncertainty could be neglected when quoting the excitation 
energy of the isomer as it is the difference between the two values. As a result, the total uncertainty 
on the isomeric energy would be the addition in quadrature of the statistical uncertainty of the mass 
excess values on each state. For cases in which both the isomeric and ground-state mass excesses are 
measured but in different injections, to use the same method to quote isomeric energy uncertainty as 
is used for mass values will be pessimistic and give too high a value. We therefore use the root mean 
square method between all pairs of the same identifications in different injections to calculate how 
an ion wanders. Through this technique, if  both ground and isomeric states are measured, each in a 
single injection, the systematic uncertainty on the excitation energy of an isomer is found to be
(^isomer =  39keV.
Thus if the mass of both the ground and isomeric state of the same isotope is measured, we are able to 
quote the excitation energy to a higher degree of accuracy then for an individual mass measurement.
Table 5.1: Mass excess values used to calculate the systematic uncertainty. The table can be split into 
two main parts; on the left the values obtained in the current work, and on the right the tabulated values 
taken from the AME2003 [7]. Each contains a column showing the mass excess, the total uncertainty on 
the mass excess and for isomeric states, the excitation energy and its associated error. The final column 
shows the difference between the value obtained in the current work and the published value. All values 
are in keV.
Current work AME2003 Current work
JNuciiae Mass excess or E* Mass excess G E* O-E* -AME2003
190QS -38762 51 -38706.3 1.5 -56
195ml jj. -31615 51 74 51 -31590.0 5.0 100 5 -25
195gAu -32615 51 -32570.0 1.3 -45
195ml A u -32334 51 281 39 -32251.4 1.3 318.58 0.04 -82
200ml A u -26290 52 980 72 -26300.0 50.0 970 70 10
208pb -21721 51 -21748.5 1.2 28
208B1 -18940 51 -18 870.0 2.4 -70
5.2 New and more precisely measured masses
The three improved and one never before measured mass excess values are listed in Table 5.2 with the 
final column graphically presented in Fig. 5.2. Each isotope is individually discussed in the upcoming 
sections.
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Table 5.2: Newly measured and improved mass excess values. The table can be split into two main 
parts; on the left the values obtained in the current work, and on the right the tabulated values taken from 
the AME2003 [7]. Each contains a column showing the mass excess, the total uncertainty on the mass 
excess and for isomeric states, the excitation energy and its associated eiTor. The final column shows the 
difference between the value obtained in the current work and the published value. All values are in keV 
and the # symbol represents a never before measured value.
Nuclide
Current work AME2003 Current work
Mass excess (7 E* Mass excess G E* ^E* -AME2003
-51829 52 -51950# 300# 121
-35 545 51 -35 570 150 25
190m I p g -35 318 51 227 40 -35360 160 210 60 42
1 9 5 0 s -29418 52 -29690 500 272
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Figure 5.2: Comparison of the improved and newly measured masses with their previously published 
values. Note that the AME value for obtained by calculation, not experiment.
5.3 174Er
The mass of nuclide ^^^Er has been experimentally measured for the first time and found to have 
a mass excess of — 51 829 (52) keV, well within the range predicted by the extrapolated value of 
—51590(300) keV. Figure 5.3 shows the section of Schottky frequency spectium used to identify 
^^^Er in relation to one of the calibration nuclei, Using the mass excess value to extend the
data for the erbium isotopic chain, we can test the validity of various mass models and comment 
on how accurately they predict our new experimental mass value. Figure 5.4 is a plot of the predic­
tions of a selection of mass models that use different approaches to calculate the mass of a nucleus, 
with the experimentally measured values plotted for reference. All values are plotted relative to the
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Figure 5.3: A part of the Schottky frequency spectrum showing the peaks coiTcsponding to the newly 
measured ^^ '^ Er and one of the nuclei used as calibration, ^®^Hg. The upper panels show expanded regions 
around the peaks of interest.
macroscopic-microscopic Finite Range Droplet Model (FRDM) [16] to accentuate any variations and 
make overaH trends more apparent. The previously measured masses, represented by open circles, are 
taken from the most recent atomic mass evaluation [7] and the filled circle is the mass measured in the 
current work. The macroscopic models used are the Duflo-Zuker (DZ) [79] and Koura, Tachibana, 
Uno and Yamada (KTUY) [80] models, which apply global fits to the known masses in an attempt to 
predict unknown values. The microscopic models are the Goriely, Chamel and Pearson (HFB-17) [81] 
mode] which uses individual interactions between the nucleons to calculate the global properties, and 
the Extended Thomas-Fermi plus Strutinski Integral (ETFSI) [82] mode] which takes into account 
shell quenching in highly neutron-rich nuclei, so is often used for r-process and astrophysical calcu­
lations.
Table 5.3: Mass model comparisons for ^^^Er (all values are in keV).
Measured mass excess: -51 829 (52)
Model Prediction Difference
DZ -52 100 -271
ETFSI -51630 199
FRDM -53 000 -1 171
HFB17 -52080 -251
KTUY -52090 -261
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Figure 5.4: Comparison of the measured mass values in the erbium isotopic chain with various mass 
models. Previous experimental masses are represented by open circles, and the newly measured mass by 
the closed circle. All values are relative to the FRDM. See text for details. The error bars are smaller than 
the symbols used.
Table 5.3 shows quantitatively how well the selected models predict the newly measured erbium 
mass. Besides the FRDM which underestimates the mass by 1171 keV the other models are all correct 
to within 275 keV, with the ETFSI being both the most accurate and the only one to overestimate the 
mass. Inspection of Fig. 5.4 however suggests that this level of accuracy is more by chance than 
design as the general trend of each model does not faithfully follow the experimental values, and 
three of the models appear to converge at A =  106, creating this fortuitous agreement. The new data 
point extends the known masses by two mass units. Although any comments on how well a model 
predicts unmeasured masses will be somewhat speculative, the DZ model does appear to follow the 
experimental masses as they become more neutron-rich. Similarly, as perhaps should be expected 
due to the astrophysical focus of the model, the ETFSI becomes more accurate as neutrons are added. 
The KTUY and HFB-17 models don’t appear to follow the experimental masses as we move away 
from stability, with the good agreement for ^^ET probably a chance result, as previously discussed.
The nuclide ^ggErjQ  ^ is almost at the exact mid-shell point for both neutrons (82—106—126) and 
protons (50—68—82) so provides an excellent opportunity to look for mid-shell effects and unex­
pected behaviour that may help in understanding the evolution of nuclear structure in this region. To 
do this we will look at both the two-neutron separation energy, Sjn, and the proton-neutron interaction
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strength, ôVpn, along the isotopic chains of erbium and the surrounding elements. The two-neutron 
separation energy can be calculated using Eqn. (5.1), and gives a measure of how the binding energy 
changes between nuclei that differ by two neutrons.
52»(Z,7V) =  M (Z,7V- 2) -M (Z,7V) -f 2M (0 ,1) (5.1)
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Figure 5.5: Experimentally measured Sin values in the range 64 ^  Z ^  72. The newly measured point is 
represented by the solid circle. The error bar is smaller than the symbol used.
It has been shown [83] that as one increases the number of neutrons in a nucleus, a flattening 
of the Sin values when compared to the usual linear decrease can be interpreted as the start of a 
shape transition. It has similarly been suggested [84] that the flattening in the Yb isotopic chain 
at =  108 may be caused by a subshell closure, with experiments to measure the masses of other 
5/ =  108 isotones proposed to investigate this phenomenon [85]. Figure 5.5 shows the evolution of 
Sin values for even-even nuclei in the range 64 ^  Z ^  72. The observed flattening in the Yb chain 
can be seen, however the newly measured ^^^Er mass provides inconclusive evidence, with the mass 
of ^^^Er needed before any strong predictions or comments on a change in the shell structure can be 
made.
The proton-neutron interaction strength, calculated using Eqn. (5.2), gives a quantitative measure 
of the interaction between the outer valence nucleons and in the case of even-even nuclei becomes the
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interaction between the final pair of valence protons and neutrons.
\SVp„{Z,N)\ = l{ s2 ,.(Z ,/V )-S 2 „(Z -2 ,A r (5.2)
Investigation of this value across major shells has found [86-88] that like the two-neutron separa­
tion energy, general trends and more importantly deviations from those trends ean highlight deeper 
changes in shell structure. This allows for a more selective means of isotope selection if detailed 
spectroscopic analysis is required.
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Figure 5.6: The variation in 8Vpn strengths over the isotopic chains in the range 64 ^  Z <  72. The newly 
calculated point is represented by the solid symbol.
Figure 5.6 shows how the strength of this interaction changes with neutron number for the same 
isotopic chains displayed in Fig. 5.5. The advanee of the peak in value with increasing neutron num­
ber is clear for erbium, ytterbium and hafnium. This trend is confirmed using our measured mass 
to aid in the calculation of the ôVpn value for ^^^Yb (see the solid symbol in Fig. 5.6). The system- 
atics of the region suggest that the final displayed points for gadolinium and dysprosium will also 
be maximum values. However, more experimental masses are needed to make any broader physical 
interpretations.
As the ÔVpn interaction can highlight subshell closures or other effects. Fig. 5.7 is displayed to 
show how the strength of the interaction changes in terms of the fractional filling of the relevant
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Figure 5.7; 8Vp,i strengths in terms of particle-hole fractional filling of shells in the range 60 < Z < 72. 
The reason for highlighting and ^^ ‘^ Er is discussed in the text, as is the diagonal grey line.
major shell. Like a nuclear chart, each box is a single isotope and the colour represent a range of ÔVpn 
strengths. The neutron and proton numbers are labelled on the left x and bottom y axes respectively, 
but also labelled on the opposite axis is the fraetion filhng of the appropriate major shell. The values 
fn and fp are calculated via the following formulae
^ V - 8 2  ^ Z - 5 0
fn — A A fp ~44 32
The thin horizontal and vertical lines represent the point at which a shell becomes more than half full, 
the discrete nature of shell filling means that lines at exactly (fn,fp)  =  0.5 would not necessarily have 
any physical meaning. The isotope ^^^Er for which the mass has been newly measured, is shown with 
the empty box. Unfortunately, the mass of neither ^^^Dy nor ^^^Dy is known so it was not possible 
to calculate the ÔVpn value. We were however able to provide the final mass required to calculate 
the value for ^^^Yb, shown by the purple box with black outline. As previously discussed this newly 
calculated point helps confirm the dVpn peak for ytterbium at A =  102.
The diagonal grey line is the locus at which fp  ~  /„  for each isotope. A recent ISOLTRAP 
experiment measuring the masses of suggests that this is generally the value at which ôVpn
is a maximum [88], at least in that lower-mass region. It is hoped in the future to obtain more data [85] 
for the doubly-mid-shell region.
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Figure 5.8: A part of the Schottky frequency spectrum showing the peak corresponding to ^^^Os and that 
used for calibration, ^^®Hg. The nucleus 200m i^^ was used to calcluate the systematic error. The upper 
panels show expanded regions around the peaks of interest.
5.4 195Os
The initial observation of in 1957 was through a ^^^Pt(n,a) reaction [89] with the 6.5 min ac­
tivity attributed to ^^^Os. However a later experiment (1974) identified the activity as due to ^*Rb and 
was unable to produce ^^^Os in the ^^^Pt(p,3n) reaction [90]. The AME03 value of -29 690 (500) keV 
comes from using the Q(/3“ )=2000(500)keV and the mass excess of ^^^Ir=-31 689.8 (1.7) keV. Our 
value of -29418 (52) keV can therefore be seen as the first experimental measurement of the mass 
excess of ^^^Os. Figure 5.8 shows the section of Schottky frequency spectrum used to identify ^^^Os 
together with one of the nuclei that was used for calibration, ^^^Hg and one that was used to calculate 
the systematic error, ^®°™^ Au.
Table 5.4: Mass model comparisons for ^^^Os (all values are in keV).
Measured mass excess: -29 418 (52)
Model Prediction Difference
DZ -30010 -592
ETFSI -28 200 1218
FRDM -30110 -692
HFB17 -29 060 358
KTUY -29550 -132
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Figure 5.9: Comparison of the measured mass values in the Os isotopic chain with various models. All 
values are relative to the FRDM. Experimental masses are represented by open circles, and the newly 
measured mass by the closed circle. Error bars are smaller than the symbols used.
Table 5.4 quantifies how accurately the selected models predict the measured mass and Fig. 5.9 
shows how accurate the same models are for the osmium isotopic chain. Unlike ^^^Er, ^^^Os is 
not the most neutron rich isotope to be measured in its isotopic chain, so provides a better test of 
which models follow general trends, rather than which give the best mass predictions moving away 
from stability. The most striking observation about Fig. 5.9 is the sudden drop between the newly 
measured ^^^Os and ^^^Os. Present in all but the FRDM, we find that this effect may be due to a lack 
of y-deformation (i.e. axially asymmetric shapes) in the FRDM. Between N=119 and N=120 the 
deformation jumps from 0.127 to -0.156, an instant change from prolate to oblate. It has been found 
however that the shape change occurs much more slowly, involving y-deformation, and over a far 
greater range of N values [91].
Only the DZ model faithfully and accurately follows the measured masses, but starts to under 
estimate after N=112. One may argue that apart from scaling, the KTUY model also has the cor­
rect general trend. Furthermore, the KTUY achieves the greatest accuracy for the mass of *^^Os, 
being too heavy by 132keV. Although as previously discussed, to calculate this mass value involves 
interpolation so perhaps the fact that a macroscopic model works best is not a surprise.
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Figure 5.10: Experimental values in the range 72 ^  Z ^  80. The newly measured point is represented 
by the solid circle. Most error bars are smaller than the symbols used.
The single neutron separation energies, calculated using Eqn. (5.3) are displayed in Fig. 5.10
5^(Z,7V) =  1) -M (Z ,N ) + M (0 ,1) (5.3)
Figure 5.10 illustrates the consistency of our measurement in the context of neighbouring nuclei.
Multi-quasi-particle (MQP) calculations have been carried out for ^^^Os, predicting a single neu­
tron [606] 13/2 ground-state together with two low lying states at 120 keV, [501] 3/2 and 500 keV, 
[503]5/2. Comparison and cross-checks with the data used to identify ^^^Hf (see Sec. 5.6) validate 
our identification of the ground-state as opposed to one of these isomers, however it is interesting to 
note the different, major shell, orbitals of the two states. A fact that should create long-lived isomeric 
states.
5.5
5.5.1 Ground state of '^ ®Re
Our mass excess measurement of -35 545 (51)keV is in good agreement with the literature value of 
-35 570(150) keV and increases the accuracy to which the mass is known by a factor of 3. Fig. 5.11
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Figure 5.11: A part of the Schottky frequency spectrum showing peaks for which more accurate measure­
ments have been made (I90g,i90mi gg well as one used for calibration (^^^Tl) and two that were used 
to calculate the systematic error (^^^Pb and ^^®0s). The red line corresponds to the injection in which 
only the ^^ ®Re ground state was observed, and the blue the injection when only the isomeric state was 
observed. The upper panels show expanded regions around the peaks of interest.
shows sections of Schottky frequency spectra from two different injections, used to identify the 
ground and isomeric states of ^^^Re. Both a ealibration, ^®^ T1 peak and two peaks used to calcu­
late the systematic error, ’^^Os and ^°^Pb, are also shown.
Table 5.5: Mass model comparisons for ^^ *^ Re, all values are in keV.
Measured mass excess: -35 545 (51)
Model Prediction Difference
DZ -36020 -475
ETFSI -34160 1385
FRDM -36410 -865
HFB17 -35 000 545
KTUY -35 890 -345
Table 5.5 quantifies how accurately the selected models predict the measured mass and Fig. 5.12 
shows how accurate the same models are for the rhenium isotopic chain. The main differences in 
the models arise beyond N= 108 (interestingly this is the suggested place of a subshell closure, see 
Sec. 5.3), at which point the macroscopic models show a smooth decrease. Once again, the KTUY is 
most accurate, under estimating by 345 keV, with both microscopic models over estimating by more 
than 500 keV. The sudden dip at N=119 is, as with ^^^Os, due to a laek of y-deformation in the FRDM.
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Figure 5.12: Comparison of the measured mass values in the Re isotopic chain with various models. All 
values are relative to the FRDM. Experimental masses are represented by open circles, and the newly 
measured mass by the closed circle. Most error bars are smaller than the symbols used.
Figure 5.13 shows the one neutron separation energies and is included to confirm the consistency 
of our measurement in the context of neighbouring nuclei.
5.5.2 Isomeric state of
As with the ground state, our mass excess measurement of -35 318 (51) keV is in good agreement with 
the literature value of -35 360 (160) keV and increases the accuracy to which the mass is known by a 
factor of 3. Using this in conjunction with the ground state mass excess, we have obtained an isomeric 
energy of 227 (40) keV, which is also in good agreement with the AME03 value of 210(60)keV. 
Inspection of the initial publication [92] shows that the ground state is assigned to (2)“ with the 
isomer lying at (6)“ and they in fact quote a lower limit of 119.12keV, with the published (nuclear 
data sheets) value of 220 keV taken from theoretical estimates and systematics of the region. The fully 
experimental value would be 210(290)keV, taken from the difference in j8-decay energies. Either 
way, our value is the first direct measurement of the isomeric energy.
MQP calculations have been carried out and show that many high-spin isomers are predicted in 
^^^Re, as is shown in Fig. 5.15. The measured isomer is interpreted with the help of the calculation. 
Computed at 187 keV the calculation has an alternative spin-parity assignment for the ground and
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Figure 5.13: Experimental values in the range 71 ^  Z ^  79. The newly measured point is represented 
by the solid circle. Most error bars are smaller than the symbols used.
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Figure 5.14: The level scheme for ^^ ®Re. Drawn is a combination of the previously published and newly 
measured information, with the newly measured level highlighted by the red writing.
isomeric states, setting the ground state as 6~ and the isomer as 2~. MQP calculations generally have 
an uncertainty of about 200 keV on the energies they predict so there can be some doubt that this is 
the correct state. Indeed, the states populated in ^^ ®Os when the isomer j3-decays [92] mean that it 
must be the higher spin state.
Figure 5.14 combines the published information with our new value to create the level structure 
for ^^°Re. General systematics [93] of the region suggest that the [503]7/2 level is higher than the
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Table 5.6: BCS calculation predictions of the energy and particle configuration of the measured ground 
and isomeric states, together with two higher spin states targeted in this work. The 16+ and 26+ states 
shown are the same as those highlighted in green in Fig. 5.15. Note the alternative spin assignments of the 
lower two states when compared to the published level structure presented in Fig. 5.14.
Energy [keV] Configuration
K
6~ 0 [402J5/2 [50317/2
2 - 186.57 [40215/2 [50519/2
16+ 1084.58 [40215/2 [50317/2, [615111/2, [50519/2
26+ 3425.00 [40215/2, [51419/2, [505111/2 [50317/2, [615111/2, [50519/2
[505]9/2, which adds credence to the published structure and provides further evidence that the MQP 
calculation is only an approximate guide.
I
10
190Re8
6
4
#  2qp (+7l) 
O  2qp (-71) 
■  4qp (+71) 
□  4qp ( -71) 
^  6qp (+7l) 
O  6qp (-71) 
▲ 8qp (+7l) 
A  8qp (-7C)
2
0
6000 200 400 800 1000 1200
K(K+1)
Figure 5.15: BCS calculation for *^ ®Re. G(n)=21.5/A MeV, G(p)=22.5/A MeV, £2=0-167, £4=0.093. 
The red circle represents the isomeric state measured in the current work and the green points show the 
predicted isomers that were part of the aims of this work.
Also highlighted in Fig. 5.15 by the green symbols, are the isomeric states that formed part of 
the aim of the experiment. Table 5.6 lists the predicted spin, energy and particle configuration of the
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highlighted states. As discussed in Chapter 1, the A~190 region of the nuclear chart contains a large 
number of predicted long lived isomers. The predictions shown in Fig. 5.15 contain several examples 
of spins that have one or two states at a much lower energy relative to others of the same assignment. 
This creates the perfect situation for a long-lived isomer. The green square is a predicted 4 qp state 
at 1 MeV with spin assignment 16+ and the green diamond a 6 qp state at 3.5 MeV with spin 26+. In 
the present work, the population of the ground and one isomeric state of ^^®Re suggests that, but for 
too low a beam intensity, we could have created and measured either or both of these higher-lying 
isomers.
5.6 Initial findings on
Building on the experience gained carrying out the experiment presented, and the troubles encoun­
tered analysing the data, a similar experiment was recently carried out using the same technique but 
under slightly different conditions. A lighter primary beam of ^^^Au at 478 -  492MeV/u was focused 
onto a thinner target, 1035mg/cm^ ^Be. The beam was also more intense, with 5 x 10^ particles/spill. 
The combination of all of these effects led to far more ions in the ESR, allowing the measurement of 
some of the high-spin isomers that were the target of this work. I will briefly summarise some initial 
findings on The full description can be found in M.W. Reed et al. [94]
Table 5.7: The new results for with values from the calculations
State Energy [MeV] Half-life
m l 1.264(10) 1 1 3 l« s 8 -
m2 2.477(10) 15+
One of the MQP calculations carried out for both the experiment presented in this thesis and the 
later work is shown in Fig. 5.16. The high-spin, long-lived isorners observed are highlighted in red 
and their details presented in Table 5.7. The first isomer was known from the work of Krumholz et 
at. [95], but the second isomer is observed for the first time.
Figure 5.17 shows the same plot as Fig. 3.3, with the addition of EPAX calculations carried out 
using a ^^^Au primary beam. The similarity of the cross sections suggest that some of the predicted 
high-spin states should have been observed in our experiment. As discussed in Sec. 3.1.1 the EPAX 
program does not account for any fission of the beam fragments. The combination of a higher beam 
intensity, coupled with non-fissioning fragments appears to have created a much larger production 
rate. Worries that a primary beam so close in mass to the targeted nuclei would not be able to create
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Figure 5.16: BCS calculation for G(n)=22.5/A MeV, G(p)=23.5/AMeV, £2=0.233, £4=0.120. The 
isomers that have been observed are highlighted in red.
enough angular momentum, one of the main factors in initially choosing a primary beam, also 
seem unfounded.
As discussed in Chapter 4, one of the main barriers in the analysis of the presented data set was 
the lack of consistent peaks that could be use as calibration. Figure 5.18 shows a selection of Schottky 
frequency spectra from the latest experiment. The consistency of the ^^^Ta peak means that one can 
be certain that the changing location of the other peak is down to the fact that it is a different mass ion 
in each case, and not experimental drift. If one has this type of peak at regular intervals throughout 
the entire spectrum, the identification of all peaks becomes a far simpler task. The new results pave 
the way for the study of more isomers in neutron-rich nuclei in the A ~  190 region.
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Figure 5.17: A modified version of Fig. 3.3, including cross sections calculated with a 1^ 9Au primary 
beam. All values were calculated using the EPAX program. The red diamonds were calculated with a 
beam and the green circles with a 1^ 9Au beam. The horizontal blue line represents the cross section 
needed to capture 1 particle per day with the present FRS-ESR setup, 10~^ b [63].
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Figure 5.18: A section of Schottky frequency spectra showing the the ^^^Hf ground state and its first 
two isomers in relation to the ^^ "^ Ta ground state over the course of multiple injections. Each spectrum 
represents 10 s of data
Chapter 6
Summary and outlook
The aim of this thesis and the experiment performed as part of it, was to search for previously unob­
served isomers and masses, providing both tests for mass model predictions and data to investigate 
the evolution of nuclear structure moving away from stability. Operating the ESR in Schottky mode 
it has been possible to simultaneously measure the ground or isomeric state masses of numerous iso­
topes. On occasion the measurement of both was also possible, allowing a self consistent method to 
calculate the value of the isomer excitation energy.
The mass excess of ^^ "^ Er has been experimentally measured for the first time to be -51829 (52) keV. 
Extending the S2n line we find that a proposed flattening, perhaps caused by a subshell closure, is not 
present in the data, suggesting that the mass of ^^^Er is required before any real conclusions can be 
drawn about the presence or lack there of a subshell closure. Using the ^^ "^ Er mass to extend the 
ÔVpn chain of ytterbium confirms the peak in value at ^^^Yb. Unlike the S2n trend this does suggest 
a subshell closure but again other mass values in the region are needed before any strong statements 
can be made.
The accuracy to which the mass excess of ^^^Os is known has been increased by an order of 
magnitude, with the measured value being -29418(52)keV. Initially calculated using the Q(j3“ ) 
value and the mass excess of ^^^Ir, our value represents the first direct measurement for this nucleus. 
Comparison with various microscopic and macroscopic mass models confirms the triaxial nature of 
this nucleus and the need for y-deformation when calculating nuclei in this region of the nuclear chart.
The measurements of ^^®Re and perhaps represent the greatest success of the presented
experiment. Individually, we have increased the accuracy to which both states are known by a factor 
of 3, with the mass excess of ^^^Re being -35 545 (51) keV and that of being -35 318 (51) keV.
Together, as proposed, we were able to achieve an even greater accuracy on the excitation energy of 
the isomer, with an improved value of 227 (40) keV. This is also the first direct measurement of the
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Table 6.1: Summary of the nuclei observed, detailing the total number of each nuclei that was observed, 
how many injections each nuclei was observed in and finally the half-life of the isotope, taken from the 
literature [7].
Nuclei N°- ions observed
N°' injections 
observed in Half fife
i74Er 1 1 3.2mins
i^ORe 1 1 3.1 mins
190ml Rg 2 2 3.2 hrs
1 1 6.5 mins
isomer. Comparisons with BCS calculations suggest that their predictions act more as a guide than a 
definitive list of states that will be populated.
Table 6.1 summarises the total number of each isotope observed together with how many injec­
tions they were seen in. None of the nuclei were seen to decay in the four minute injections structure 
of the data, however looking at their individual half-lives (final column of Tab. 6.1) this could be ex­
pected. Although it was not possible to extract any hfetime information from the isotopes populated, 
and the isomer populated wasn’t as high in spin as hoped, a later experiment with slightly different 
conditions has shown the validity of this technique. A previously unobserved isomer in has 
been measured in exactly the same manner as the isomer in ^^®Re. Measured to have an excitation 
energy of 2.477 (10) MeV, this state matches the predictions of a 4 quasi-pafticle state with spin 15+. 
The half-life has also been measured to be 12+^® m. This later experiment shows that we were looking 
in the right place, but not in quite the right way.
6.1 Future work
With proof of method presented in this thesis, and published by both Sun et al. [9] and Reed et 
al. [94], future work in the search for long-lived isomeric states with the current SIS-FRS-ESR setup 
will revolve around maximising the efficiency of the apparatus. This will allow the storage of more 
exotic isotopes, hence nuclei with smaller cross-sections. At some point however a limit will be 
reached and the measurement of certain nuclei will not be possible with the facilities available.
The new synchrotron proposed as part of the Facility for Antiproton and Ion Research (FAIR) 
project at GSI will be able to provide beams with intensities up to 1000 times that of the current set 
up. Combined with the high acceptance Super-FRS [96,97], shown in Fig. 6.1, very neutron rich 
nuclei, even those that take part in the predicted r-process can be accessed and transmitted to the new 
ring branch. The Collector Ring (CR) and New Experimental Storage Ring (NESR) are shown in 
Fig. 6.1 in relation to the Super-FRS. The nuclei will first enter the CR, and if in isochronous mode, 
this is where the short-lived (<  1 s) isotopes will be measured. If set up for SMS, the nuclei will first
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Figure 6.1: Schematic of the proposed Super-FRS and new storage ring facility planned as part of the 
FAIR project.
be pre-cooled before being transferred in to the NESR where they will be further electron cooled 
before measurement. The multiple Schottky pick-ups, positioned around the NESR, will increase the 
accuracy of the frequency measurement.
With the work presented in this thesis, it has been shown that the use of an experimental storage 
ring allows one to measure the masses of multiple isotopes in both the ground and isomeric states. 
Following experiments have further shown that lifetime measurements are also possible and when 
operated in the Schottky mode, the ring provides a unique opportunity to measure very long lived 
isomers. Although becoming limited by the current apparatus, new facilities have been discussed that 
will greatly aid in the study of very exotic nuclei. Generally, for the lifetime and mass measurement 
of highly neutron rich nuclei and their isomers, the outlook is FAIR.
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